Theory and experiments are presented of modal decomposition of scattering matrices of multiconductor transmission lines (TLs). In effect, n coupled TLs are decomposed into n independent ones. Its use is demonstrated by applying it to thru-only de-embedding of 4 coupled TLs (synthesized data) and 2 coupled TLs (measurement data from a 0.18 µm-CMOS chip). The proposed de-embedding method could greatly facilitate accurate characterization of on-chip multiport networks.
INTRODUCTION
Multiconductor transmission lines (MTLs) have been a subject of intensive study for decades, and modal analysis has been a very important tool [1] - [4] . MTL equations are typically written in terms of per-unit-length equivalent-circuit parameters. Experimental characterization of MTLs, therefore, often involves extraction of those parameters from measurement data [5] , [6] , which often being scattering matrices or S matrices. When the device under test (DUT) is on-chip or on-board TLs, as-measured S matrices usually include properties of intervening structures such as probe pads. Then, extraction of equivalent-circuit parameters has to be done after de-embedding [7] the intrinsic properties of the TLs.
Among a number of de-embedding methods, thru-only methods [8] - [13] are particular attractive because deembedding procedures may be formulated in such a way that no particular assumption is made about the physical topology of each half of the embedding network. A simple thru-only de-embedding method has recently been applied successfully to characterization of on-chip transmission lines (2-ports) up to a millimeter-wave range [10] , [13] . The method was subsequently extended to 4-port networks and applied to de-embedding of differential TLs [14] . The essential idea in the latter [14] was to reduce a 4-port problem to two independent 2-port problems by a coordinate transformation. The requirement for it to work was that the 4 × 4 S matrix of the THRU dummy pattern (a pair of nonuniform TLs) be blockdiagonalizable by the even/odd transformation, meaning that the THRU has a certain symmetry property. This development naturally leads to the idea that the same de-embedding method should be applicable to 2n-ports, where n is a positive integer, provided that the S matrix of the THRU (n coupled nonuniform TLs) can somehow be block-diagonalized with 2 × 2 diagonal blocks. In this paper, we show how the desired transformation can be performed and demonstrate its use by thru-only de-embedding of modeled 4 coupled TLs (an 8-port) and measured 2 coupled TLs (a 4-port). We assume throughout that the THRU patterns under measurement are reciprocal and hence the associated S matrices symmetric.
Our goal here is to transform a 2n × 2n scattering matrix S into the following block-diagonal form:
where S mi are 2 × 2 submatrices and the rest of the elements ofS ′ are all 0. The port numbering scheme forS ′ is shown in Fig. 1 with primes. Once the transformation is done, the DUT can be treated as if they were composed of n uncoupled 2-ports. This is not an ordinary matrix diagonalization problem. The form of (1), however, results by the artifice of reordering the rows and columns ofS in (2), consisting of four diagonal submatrices, such that S mi in (1) is built from the ith diagonal elements of the four submatrices ofS.
The port indices ofS are shown in Fig. 1 without primes. The problem, therefore, is the transformation of S intoS followed by the reordering of rows and columns yieldingS ′ . A generalized scattering matrix S of a 2n-port relates the vector, a, of power waves of a given frequency incident on the 2n-port to the vector, b, of outgoing power waves [15] :
In the case of a cascadable 2n-port, it makes sense to divide the ports into two groups as shown in Fig. 1 , and hence the division of S, a, and b into submatrices/subvectors in (3) . If the 2n-port is reciprocal, S is symmetric: S T = S, where T denotes transpose. Then, it can be shown that the following change of bases brings about the desired transformation. [
where the blanks represent zero submatrices. 21 , respectively, by similarity transformation and can be computed by eigenvalue decomposition. The derivation parallels that presented in [4] .S is thus given bỹ
DE-EMBEDDING USING A THRU
Thru-only de-embedding methods [8] - [13] assume that the device under measurement can be represented as shown in Fig. 2(a) , in which the TLs to be characterized are embedded in parasitic elements such as pads. In terms of the transfer matrix T defined by
[
the overall, as-measured T matrix for Fig. 2(a) is Fig. 3 . A π-equivalent for representing a decomposed THRU in the modal domain.
In order to de-embed T TL from T meas , a THRU pattern (Fig. 2(b) (Fig. 3) . Note that the use of other representations having the same degree of freedom (e.g. a Tequivalent) is equally valid. The remaining task is to split the π-equivalent into two. One straightforward way of doing it is to split the series impedance Z in half as shown in Fig. 3 . The physical structure of a THRU can often be designed so that this splitting is reasonable. Since each half of Fig. 3 has sufficiently small number of parameters, the corresponding S matrices,S L andS R , can be determined as will be explained shortly. T L and T R are found by transformingS L andS R back to the original conductor domain and then converting them into T matrices. Then, the characteristics of the TLs are obtained by
The determination of the parameters in Fig. 3 involves conversion of the modal 2-port S matrices into admittance matrices through the general formula (˜to be added when used in the modal domain)
and this requires an appropriate reference impedance matrix Z 0 . Here * denotes complex conjugate and R 0 is the real part of Z 0 , namely R 0 = ℜ(Z 0 ). Z 0 is usually a diagonal matrix in the conductor domain. When S is transformed intõ S, Z 0 also undergoes a transformation intoZ 0 [14] . One potential problem here is that, depending on the transformation matrices W 1 and W 2 ,Z 0 might become nondiagonal. This makes it difficult to associate the conductor-domain voltages and currents with their modal-domain counterparts. However, since our purpose of performing the transformation here is to facilitate de-embedding, we can actually use a fictitious reference impedance matrix of our choice in (10) . A practitioner's choice might beZ 0 = 50 · 1 2n , where 1 2n is a 2n×2n identity matrix. Then, the transformed network matrix will represent a physically different, fictitious system. But when transformed back to the conductor domain, no problem arises.
Let the admittance matrix of the ith modal 2-port obtained 
Note that (11) is symmetric by the reciprocity assumption.
The parameters in Fig. 3 are given by
Note that it is also possible to determine the THRU using some other method (e.g. [11] ).
VALIDATION OF THE DE-EMBEDDING METHOD
The procedure that we followed for validating the thru-only de-embedding is shown in Fig. 4 . S-parameter files of 1 mmlong 4 coupled TLs and pads were generated by using Agilent Technologies ADS. A cross section of the TLs is shown in Fig. 5 . The schematic diagram representing the pads placed at each end of the bundle of TLs is shown in Fig. 6. Figs. 7 and  8 show the characteristics of the "as-measured" TLs and the THRU, respectively. The characteristics of the bare TLs and the de-embedded results are both shown on the same Smith chart in Fig. 9 , but they are indistinguishable, thereby demonstrating the validity of the de-embedding procedure.
We also applied the proposed de-embedding method to a pair of TLs in 0.18 µm-CMOS (Fig. 10) previously analyzed by the even/odd transformation in [14] . The frequency ranged from 100 MHz to 50 GHz. The numerical values of S ′ , S ′ e/o (S matrix in the even/odd domain), andS ′ for the THRU (Fig. 10(a) ) at 10 GHz are, respectively, [ 
CONCLUSIONS
We have proposed S-parameter-based modal decomposition of multiconductor transmission lines (MTLs) and its application to de-embedding. It has been established that the proposed method enables one to decompose an S matrix of n coupled TLs into that of n uncoupled 2-ports. Then, a thru-only deembedding method can be applied, provided that each half of the THRU can be determined in the modal domain. The proposed de-embedding method could be useful for accurate frequency-domain characterization of multiport networks such as transistors and bus lines consisting of multiple differential TLs.
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